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KESAN BAHAN-BAHAN ELEKTROD KE ATAS SIFAT-SIFAT ELEKTRIK 
CaCu3Ti4O12 PADA 100 Hz – 1 GHz 
 
ABSTRAK 
 CaCu3Ti4O12 (CCTO) telah menarik perhatian ramai kerana mempunyai 
pemalar dieletrik tinggi sehingga 10
5
 pada suhu bilik dan tekal dalam julat suhu 100 
K hingga 400 K. Pemalar dielektrik tinggi ini menawarkan pengecilan saiz peranti 
elektronik yang sedia ada. Walaubagaimanapun, CCTO juga memiliki lesapan 
dielektrik tinggi yang tidak dikehendaki dalam aplikasi elektronik. Untuk 
mengurangkan lesapan dielektrik, perlu untuk memahami punca respon polarisasi 
dan mekanisme santaian pada CCTO. Menggunakan pengukuran spektroskopi 
impedans (IS) pada frekuensi luas 100 Hz hingga 1 GHz, punca kesan polarisasi 
boleh ditemui. Salah satu punca penting ialah penggunaan berlainan elektrod yang 
menentukan keadaan sentuhan terhadap jasad CCTO. Penyelidikan ini dijalankan 
untuk mengkaji kesan bahan elektrod terhadap sifat elektrik CCTO pada frekuensi 
100 Hz hingga 1 GHz. Sampel telah disediakan melalui kaedah tindakbalas keadaan 
pepejal dan bahan mentah daripada CaCO3, CuO dan TiO2 telah digunakan. Selepas 
pencirian, bahan mentah dicampur selama 1 jam dan analisis terma (TGA dan DTA) 
telah dilakukan. Campuran serbuk dikalsin pada suhu 900 hingga 1000ºC selama 3 
hingga 6 jam. Analisis fasa (XRD) dan pemerhatian mikrostruktur (FESEM) telah 
dijalankan. Sampel dikalsin pada suku 1000ºC selama 3 jam menghasilkan fasa 
CCTO yang hampir tunggal. Serbuk kalsin telah ditekan ke dalam bentuk pelet dan 
proses pensinteran telah dilakukan antara 1000 hingga 1050ºC selama 3 hingga 10 
jam. Pensinteran pada 1030ºC dan ke bawah menyebabkan puncak XRD beralih ke 
kiri dan tempoh rendaman 10 jam pada suhu 1040ºC telah mengalih puncak XRD ke 
kanan. Tempoh rendaman yang lebih lama meningkatkan saiz kristal dan tempoh 
 xvii 
rendaman selama 6 jam menghasilkan butir yang besar (> 100μm). IS melaporkan 
pemalar dielektrik dan lesapan dielektrik juga meningkat dengan peningkatan 
tempoh rendaman semasa proses pensinteran. Santaian puncak pada 10 MHz 
dicadangkan berpunca daripada kehilangan kesan polarisasi pada sempadan butir. 
Lengkung graf pada pengukuran satah impedan kompleks dimodelkan melalui 
analisis litar setara berkait dengan kerintangan domain dan sempadan domain. 
Pencirian voltan-arus yang tidak linear membuktikan halangan Schottky pada CCTO. 
Sampel yang disinter pada suhu 1040ºC selama 4 jam mempunyai pemalar dielektrik 
yang tinggi dan stabil serta lesapan dielectrik yang rendah. Kajian rawatan haba 
terhadap elektrod dari suhu bilik ke 400ºC dalam gas argon mendedahkan 
peningkatan pemalar dielektrik dengan peningkatan suhu rawatan. Peningkatan 
pemalar dielektrik ini adalah disebabkan pembentukan halangan Schottky selepas 
rawatan. Rawatan pada 300ºC adalah suhu yang paling sesuai untuk menghasilkan 
pemalar dielektrik CCTO yang tinggi dengan kehilangan dielektrik rendah. Kesan 
Schottky terhadap sentuhan telah diperhatikan dengan menggunakan bahan elektrod 
yang berbeza seperti emas, platinum, perak dan aluminium. Pencirian arus-voltan 
menunjukkan ciri-ciri bukan linear pada sampel berelektrod platinum dan emas. Ini 
adalah kerana kedua-dua elektrod mempunyai fungsi kerja yang lebih tinggi daripada 
elektrod lain. Emas menunjukkan pemalar dielektrik yang tinggi pada 1 MHz (4,398) 
dan lesapan dielektrik yang baik (0.03 pada 1.58 kHz). Pengukuran sifat elektrik 
pada julat frekuensi lebar menunjukkan respons dari butir, sempadan butir, domain 
dan sempadan domain melalui kaedah padanan lengkung satah impedans kompleks. 
Kerintangan kawasan tersebut telah berubah dengan parameter kajian dan respon 
pada frekuensi tinggi ialah berkaitan dengan sempadan domain dan telah dimodelkan 
mengikut analisis litar setara. 
 xviii 
EFFECTS OF ELECTRODE MATERIALS ON ELECTRICAL PROPERTIES 
OF CaCu3Ti4O12 AT 100 Hz – 1 GHz 
 
 
ABSTRACT 
 
  CaCu3Ti4O12 (CCTO) has attracted much interest because of its 
extraordinary high dieletric constant of 100,000 at room temperature and very small 
temperature dependence in a broad temperature range from 100 K to near 400 K. 
This high dielectric constant offers opportunities in miniaturization of electronic 
application nowadays. However, CCTO also possesses high dielectric loss which is 
undesirable in electronic applications. To lower the dielectric loss, it is necessary to 
understand the origin of polarization responds and relaxation mechanism in CCTO. 
Using wide frequency impedance spectroscopy (IS) from 100 Hz to 1 GHz, the 
origins of polarization effect can be revealed. One of the important origins is the used 
of different electrode materials which determine the contact condition to the bulk 
CCTO. A research was carried out to study the effect of electrode materials to the 
electrical properties of CCTO at the frequencies of 100 Hz to 1 GHz. Samples were 
prepared through solid state reaction methods and starting materials of CaCO3, CuO 
and TiO2 has been used. After the characterization, the starting materials were mixed 
for 1 hour and thermal analysis was done. Mixed powder was calcined at 900 to 
1000ºC for 3 to 6 hours. Phase analyses and microstructure observation was carried 
out. Calcination at 1000ºC for 3 hours produced almost single phase of CCTO. The 
calcined powder was pressed into pellet forms and the sintering processes were done 
between 1000 to 1050ºC for 3 to 10 hours. X-ray diffraction (XRD) analisys 
indicated that sintering at 1030ºC and below increased the lattice parameter and long 
soaking time until 10 hours at 1040ºC has decreased the lattice parameter. Longer 
soaking times are also increasing the crystallite size and 6 hours of soaking time or 
 xix 
more produced large grains (>100µm). The IS reported the dielectric constants and 
dielectric loss are also increased with the sintering soaking time. Relaxation peak at 
10 MHz is suggested due to the loss of grain boundaries polarization effects. High 
frequency curve of impedance complex was observed and modeled as domain and 
domain boundary contribution in equivalence circuit analyses. The current-voltage 
characteristic reported the non-linearity and proved the Schottky’s barrier of CCTO. 
Sample sintered at 1040ºC for 4 hours have stable and high dielectric constant and 
low dielectric loss over the frequency range. Heat treatment study to the electrode 
from room temperature to 400ºC in argon gas revealed the increase of dielectric 
constant with the increasing of treatment temperature. The dielectric constant 
improvement was due to more Schottkys contact formation after the treatment. 
Treatment at 300ºC is the most suitable temperature to produce high dielectric 
constant CCTO with low dielectric loss. Schottky’s effect to the contact were 
observed by applying different electrode material, gold, platinum, silver and 
aluminium and non-linear of current-voltage characteristic was revealed on Pt and 
Au electrode. This is due to both electrodes have higher work function than the other 
electrodes. Samples with Au electrode showed high dielectric constant at 1 MHz 
(4,398) and low dielectric loss (0.03 at 1.58 kHz). Wide frequency measurement of 
the electrical properties shows the responds from grain, grain boundary, domain and 
domain boundary through impedance complex plane curve fitting method. Their 
resistivities have changed with the study parameters and high frequency respond 
associated with domain boundary resistivities has been modelled according the 
equivalence circuit analysis. 
 
1 
CHAPTER 1 
INTRODUCTION
1.1 Electroceramic Materials  
One of the most studied advanced ceramics is electroceramic. The term 
electroceramic is used to explain ceramics materials that have been formulated for 
certain function by designing their electrical, magnetic or optical properties. These 
properties can be modified or designed by controlling their processing, 
microstructure or doping in order to produce device with specific properties. 
Electrical properties are the most desired properties of electroceramic such as 
resistivity, conductivity, dielectric constant, dielectric loss, dielectric strength and 
capacitance (Moulson and Herbert, 2003).  
The used of electroceramics in the electronic industries is mostly based on 
its dielectric properties. Electroceramic especially from titanate-based have very high 
dielectric constant and mostly exceeded 1,000 at 1 MHz and below. This increasing 
of dielectric constant can decrease the size of electronic devices (Banerjee and 
Krupanidhi, 2011; Ni and Chen, 2009; Yu et al., 2008). Therefore current market 
growth of mobile and portable devices caused an increasing demand to 
electroceramic on miniaturization of many electronic components such as capacitor, 
resonator, resistor and oscillator. Some of the titanate-based electroceramics have 
attracted many researchers to study and improve the performance of materials 
especially on BaTiO2 (BT), BaSrTiO2 (BST) and the latest finding is CaCu3Ti4O12 
(CCTO) (Callister and Rethwisch, 2007; Lin et al., 2008). 
According to Ye, (2008),  BT and BST have become well established as the 
preferred high dielectric materials for electronics devices since year 1958. The 
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dielectric constant of BT and BST can achieve 5,000 and 10,000, respectively. The 
materials have been commercialized and applied in current electronic devices in the 
markets. The researches on higher dielectric constant material other than BST which 
is limited to 10,000 are on-going process to fulfil the miniaturization purpose for 
future electronic device. 
A relatively new high dielectric constant material, CCTO was initially 
synthesized by Bochu et al., (1979). Bochu et al., (1979) have reported the crystal 
structure of CCTO in 1979 and the giant dielectric constant was observed by 
Subramanian et al., (2000). CCTO possesses a very high dielectric constant of 
100,000 at room temperature and very small temperature dependence in a broad 
temperature range from 100K to near 400K (Ramirez et al., 2000; Subramanian et 
al., 2000). These extraordinary properties have attracted much interest from 
researchers to identify the nature of the high dielectric constant. Furthermore, the 
dielectric constant of CCTO is almost frequency independent below 10
6
 Hz, which is 
desirable to replace current electroceramic for many microelectronics applications 
(Homes et al., 2001).  
However, the dielectric loss of CCTO is still slightly high for commercial 
applications. The high dielectric loss is undesirable properties because of dissipation 
of energy (Jumpatam et al., 2012). The dielectric loss of CCTO ceramics is about 
~0.1 at 1 kHz at room temperature (Mu et al., 2009). It is necessary to understand the 
origin of dielectric loss in CCTO ceramics to find an effective method to lower it 
(Masingboon et al., 2007, Homes et al., 2003 and Marques et al., 2006). This 
understanding will help the processing of CCTO in order to design certain electrical 
properties such as dielectric constant of 10,000 at 1 MHz with dielectric loss of 0.07. 
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One of the important origins is the used of different electrode materials 
(Lunkenheimer et al., 2004).  
 Gold, platinum, silver and aluminium have high electrical conductivity and 
possibly used as electrodes. Electrodes connect the bulk of ceramics to the circuit 
wire in order to observe their electrical respond. The electrical respond is either 
under frequency domain or direct current. Most recent equipment such as impedance 
spectroscopy (IS) is capable to observe from 1 MHz to 1 GHz range of electrical 
responds. The high conductive metal electrode is always used to connect this 
equipment to the testing samples. The contact between the electrode and ceramics 
surface speculated created Schottky barrier layer effect which produce metal-
semiconductor junction with depleting region created in the ceramics surface (Deng 
et al., 2009). The region increased the capacitance and results in high dielectric 
constant of CCTO.  
 Interface layer of depleting region between electrode and bulk CCTO were 
suggested by many researchers as the origin of high dielectric constant of CCTO 
(Lunkenheimer et al., 2002; B. Shri Prakash and Varma, 2007; Putjuso et al., 2011; 
Wang and Zhang, 2006; Yang et al., 2005). They also studied different electrode 
materials in order to identify on how the electrical properties are influenced. 
 But most of them studied the effects of electrode materials on the CCTO 
from low frequency to medium frequency window. The range of frequency is enough 
to observe the contact effect to the electrode/bulk CCTO but in order to observe the 
contact effect to the grains and grains boundaries or domains and domain boundaries, 
higher frequency measurement is necessary. Frequency respond of the origins of 
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high dielectric constant can be observed by using impedance spectroscopy in form of 
impedance complex plane or cole-cole plot. Electrical impedance complex planes 
below 10 MHz are consisting one curves only (Amaral et al., 2010a; Sinclair et al., 
2002) and this incapable to differentiate the electrode materials effects with other 
effect like grain boundary effect.  
 In this study, the electrical properties of CCTO were investigated from low 
to high frequency range using different electrode materials. Heat treatments to the 
electrode were also done in order to optimize the contact between the electrodes and 
ceramic surface.  
1.2 Problem Statement 
 The Schottky barrier layer formed between sample and electrode will affects 
the electrical properties of sample. In CCTO, this effect has been investigated at low 
frequency (1 Hz – 1 kHz) (Adams et al., 2006; He et al., 2009) as well as at medium 
frequency (1 kHz – 1 MHz) (L. Liu et al., 2009). Wide frequency range study from 
low until high frequency (100 Hz to 1 GHz) is not widely reported yet. 
 The most popular technique to investigate contact effect is by using 
impedance complex plane or cole-cole plot through curve fitting technique. 
However, only a few researchers investigated the impedance complex plane of 
CCTO until mid-frequency range (till 110 MHz) and found an incomplete curve at 
the high frequency region of the cole-cole plot (L. Liu et al., 2009; Shao et al., 2007). 
As the result, the incomplete curve cannot give sufficient point of reading to draw 
curve fitting in order to estimate the resistance of the contributed element.  
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 To resolve this problem, wider frequency range of measurement (till to GHz 
range) should be able to complete the point of reading to draw cole-cole plot and 
identify all of the origins of the high frequency curve for CCTO impedance. Some 
researches succeeded to observe the curve by cooling the samples to increase 
electrical resistivity (Shri Prakash and Varma, 2006). In this study, the wide range of 
frequency measurement is used to reveal the curves and identifies all of the origins at 
room temperature. 
The study of the origins of electrical responds of CCTO including electrode 
materials effect is very important in order to understand many electrical properties of 
CCTO such as dielectric constant, dielectric loss and resistivity. This will address the 
cause of dissimilarity from previous researcher reports on CCTO electrical 
properties. Internal boundary layer capacitance (IBLC) model indicated that 
insulative grain boundary layers with semi conductive grains forms space charge 
polarization and caused the high dielectric constant of CCTO. This model were 
widely accepted as the origins of the very high-K of CCTO. But the model fails to 
explain the high dielectric constant of single crystal and thin films of CCTO. New 
model should be investigated and proposed based on the other origins of CCTO 
electrical properties and not only the IBLC effect on the grain boundary layer. 
1.3 Research Objectives   
1. To investigate heat treatment effect to the Ag paste contact of CCTO 
bulk and the properties of CCTO synthesized via solid state reaction 
method. 
2. To investigate contact of different electrode materials and effect to the 
properties of CCTO at wide frequency range (100 Hz to 1 GHz). 
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3. To propose a model of the origin of the high dielectric constant of 
CCTO. 
1.4 Research Approach 
 Figure 1.1 shows flow chart of the overall process on this study. Preparation 
process of CCTO was through solid state reaction and based on previous 
experimental done by Homes et al., (2001). They investigated on the charge transfer 
phenomena inside of high dielectric constant material CCTO and CdCu3Ti4O12.  
Firstly, the starting materials were characterized to identify the distribution 
of particle size, morphology and the phase present. The properties of the raw material 
also affected the end product properties. The raw materials were weighted according 
to stoichiometry ratio. The mass for mixing each of them was specific to the mole of 
CaCO3, CuO and TiO2. Mole ratio for CaCO3:CuO:TiO2 is 1:3:4. The raw materials 
were mixed using ball milling for 1 hour by using alumina jar. Zirconia balls were 
used as grinding media with mass ratio to the raw materials is 10:1 and 50 ml of 
ethanol assisted the mixing process. Ethanol is used as a wetting agent for the mixing 
and can be easily removed during the drying process.  
Thermogravimetry (TGA) and Differential Thermal Analysis (DTA) were 
used to identify reaction behaviour of the mixed powder for calcination study. Based 
on the TGA and DTA data, the mixed powders were calcined from temperature 900 
to 1000ºC from 3 to 6 hours. The calcined powder was characterized for their phases 
present, and the microstructure was determined. From the XRD analysis, sample 
calcined at 1000ºC for 3 hours have formed CCTO with the lowest secondary phases 
of constituent material and this calcination profile was selected as an optimized 
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parameter for further process. Then the optimized calcined powder was pressed into 
pellets formed using hydraulic press at 300 MPa for sintering process.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 : Flow chart for overall study process of CCTO through solid state 
preparation. 
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Sintering process was varied from 1000 to 1050ºC to consolidate the green 
body. After sintering process, the pellets are characterized for their density, dielectric 
constant, dielectric loss, microstructure and phase analysis. Samples sintered at 
1040ºC for 4 hours were selected as the best sample for further characterization. 
Electrode preparation was started by grinding and polishing the pellets 
sample and silver paste was used as a standard electrode. Heat treatment of silver 
electrode was done in argon environment in order to investigate the electrode contact 
effect. The treatment temperature was varied from 200 to 400ºC for an hour. The 
treatment temperature was limited to 400ºC because sample showed increasing 
dielectric loss when treated at 350 and 400ºC. After the characterization of their 
electrical properties and the microstructure of the contact to the bulk CCTO, the heat 
treated samples at 300ºC was selected as the best sample. 
Different electrode materials were applied to investigate their effect to the 
properties of CCTO. Gold, aluminium, platinum and silver were evaporated by 
thermal evaporator and silver paste also was applied. Samples were characterized to 
quantify their properties and gold was selected as the best electrode materials. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction  
Electroceramics are special formulated, high purity ceramic compound to 
function as electrical, magnetic or optical circuit applications. Because of wide range 
of electrical properties capabilities, electroceramics were categorized according to 
their properties, which are piezoelectric, pyroelectric, ferroelectric, semiconductor, 
electro-optic, dielectric, magnetic and superconductors. One of the most popular 
electroceramics is dielectric material. Dielectric materials with high electrical 
resistivity are the most important application in electric and electronic industries. 
Their dielectric constant or real permittivity (ε’) and dielectric loss (tan δ) play a 
major factor to define the performance for certain application. Increasing the 
dielectric constant properties of the ceramics can scale down many electronic devices 
such as capacitor, resonator, resistor and oscillator (Kao, 2004; Ye, 2008).  
2.2 Dielectric Materials 
Dielectric materials basically are resistive ceramics capable of preventing 
electrical flow. The ability to flow electricity can be described using conduction band 
and valence band of the materials. The overlap of these bands always  happen to  the 
metals or conductor and the ceramics or polymers usually show the gap between the 
valence and the conduction band and caused materials to prohibit flow of electricity 
otherwise the condition of materials was changed and the bands become overlap such 
as by excitation of the valence band (Moulson and Herbert, 2003).   
Dielectric material influence polarization phenomena either from as intrinsic 
or extrinsic elements when the electric potential was applied. Intrinsic element that 
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contributing to the polarization may come from crystal structure of the materials and 
extrinsic element of materials such as microstructure can form the sources of 
polarization. This property is defined as dielectric property which is proportion of the 
amount of polarization elements inside the dielectric material. When dielectric 
material are placed in an electric field, the electrons and protons of its constituent 
atoms reorient themselves as a respond to the field and in some cases polar 
molecules become polarized. As a result of this polarization, the atoms or molecules 
are under stress and they store energy that becomes available when the electric field 
is removed. The higher total polarizations caused higher capability of the ceramic to 
hold the energy. This total polarization inside of dielectric material is measured as 
dielectric constant (Kao, 2004). 
2.3 Dielectric Constant 
Dielectric constant or also known as relative permittivity is the ratio of the 
material permittivity and permittivity to vacuum. Dielectric constant is an indicator 
of the total net polarizations effect of the dielectric materials to the electrical field. 
The dielectric constant is independent to the material geometry, size and shape. Most 
of the dielectric material also show dielectric constant of independent to the electric 
field strength for below certain critical field or above otherwise carrier injection will 
take apart and become dominant (Kao, 2004). The frequency of applied electrical 
field strongly affected the dielectric constant as well as the chemical structure, 
temperature, pressure and dopant as the major factors (Kao, 2004). Basically, the 
dielectric constant is related to attraction and repulsion of bounded electric charges 
inside the dielectric material bulk. The attraction and repulsion responds to the force 
to reduce the potential energy of the whole electrically stressed system to a minimum 
state. This attraction and repulsion can be also described as polarization phenomena 
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which were studied and reported in many literatures (Carter and Norton, 2007; Kao, 
2004; Moulson and Herbert, 2003; Phillippe and Jean-Claude, 2007; Rahaman, 
2003). Four basics types of electric polarization found on dielectric material were 
proposed and is not necessary contained in all of them in a single dielectric materials. 
a. Electronic polarization 
b. Atomic or ionic polarization 
c. Orientation or spontaneous polarization 
d. Interface or space charge polarization. 
Fig. 2.1 shows example of dielectric constant as function of frequency. The 
dielectric constant decreases with the increasing frequency due to the constituent 
types of polarizations start to became insignificant at the different frequency range. 
In region A, the polarization is due completely to electron polarization. In region B, 
it is due to the combination of electronic and atomic polarization, and so on.  
Each type of polarization reorients their dipole according to the AC 
electrical field. The orientation process requires some finite of time and different 
time to each of the polarization type which depend on capability of particular dipoles 
to realign. The different of time causes the variation of dielectric constant at a 
specific frequency. Basically at higher frequency, some of the polarization types do 
not have enough time to reorient and loss the contribution to dielectric constant of 
the materials. 
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Figure 2.1: The relative permittivity (dielectric constant) as function of frequency 
(Kao, 2004). 
2.3.1 Electronic Polarization 
Electrons cloud around the centre of nucleus can be polarized when 
electrical field is applied. The polarization is knows as electronic polarization and 
occurred to all dielectric materials. The centre of negatively charged electrons cloud 
displaced toward positive direction of the electric field and relatively to proton 
displace toward negative direction of electric field as shown on figure (Figure 2.2).  
 
Figure 2.2: Electronic polarization that results from the distortion of an atomic 
electron cloud by an electric field (Wyatt and Dew-Hughes, 1974). 
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2.3.2 Atomic or Ionic Polarization 
Ionic or atomic polarization is only found in ionic materials under electrical 
field. Cations are displaced toward the electrical field direction and anions displaced 
toward the opposite direction and net dipole moments are increased. This process is 
shown in Figure 2.3. 
 
Figure 2.3: Ionic polarization that results from the relative displacements of 
electrically charged ions in response to an electric field (Wyatt and Dew-Hughes, 
1974). 
2.3.3 Orientation or Spontaneous Polarization 
Orientation polarization or spontaneous polarization is only found in 
materials that possess permanent dipole moments. Rotation of the permanent 
moments into the direction of electric field caused the polarization as represented in 
Figure 2.4. This polarization type strongly depended on temperature where 
decreasing the temperature will resist the alignment and decrease the polarization.  
The alignment process of the permanent dipole required time to perform and 
in case of AC type of electrical field, the lag between the field and the polarization is 
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known as dielectric loss and by increasing frequency caused the polarization to 
totally disappear. 
  
Figure 2.4: Response of permanent electric dipoles (arrows) to an applied electric 
field, producing orientation polarization (Wyatt and Hughes, 1974). 
2.3.4 Interface or Space Charge Polarization 
Some amorphous and polycrystalline dielectric materials with grains and 
grain boundary are also capable to possess space charge polarization. Unlike other 
polarization, this type of polarization does not come from dipole moment of atom or 
molecule, but originated from mobile and trapped charge inside the material 
inhomogeneity like grains or grains boundary or defects of the materials. Figure 2.5 
shows an illustration of polycrystalline solids or in materials consisting of traps 
charge between the grains. According to Moulson & Herbert (2003) and Kao (2004), 
charge carriers such as electrons, holes, or ions could be injected from electrical 
contacts and trapped in the bulk or at the interfaces of the contact. The charge 
carriers could be impeded to be discharged or replaced at the electrical contacts. This 
can form space charges and the field distribution will be distorted, and hence, the 
average dielectric constant will be affected.  
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Figure 2.5: Space charge polarization which is caused by trapped charges at 
polycrystalline material (Moulson and Herbert, 2003). 
Interface polarization is a possible mechanism of high dielectric constant of 
CCTO. CCTO microstructure consists of semiconducting grain and resistive grain 
boundaries. When the electric field is applied, the trapped negative charges inside the 
grains are attracted toward the positive terminal and vice versa. The grains 
boundaries trap the charges from moving and this mechanism is known as internal 
boundary layer capacitance (IBLC).  
2.4 Miniaturization of Electronic Device  
The advantage of high dielectric constant ceramic is miniaturisation 
capability to many electronic device such capacitor, resonator, resistor and oscillator.  
As an example, this can be understood from the principle mechanisms of working 
capacitor. Figure 2.6 shows a system of perfect dielectric material under static 
electric field and undergo polarization process like a capacitor system. The system 
tends to reduce the potential energy by attracting the piece of materials into the space 
between the two electrodes. The electrodes consist of two metal plates parallel to 
each other with area A and a separation of the plate is d. Fringing effect at the edge 
was ignored first. D0 is  
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Figure 2.6: A parallel-plate capacitor (a) when a vacuum is present and (b) when a 
dielectric material is present (Callister and Rethwisch, 2007). 
The system was charged to applied electrical field by positive charged (+Q) 
on the upper and on the lower plate were charged with negative charge (-Q) at the 
same magnitude. 
This process was done by connecting the electrical power supply source of 
direct current across the electrodes and charging the system as capacitor. After 
disconnecting the power source, the charge will remains inside the electrodes. 
Electrical potential difference (V) was created by the charges or charged electrodes 
across the d distance and proportional to the value of Q. The relation can be written 
as  
(a) 
(b) 
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         (2.1) 
       and             
  
 
 
            (2.2) 
C is the proportionality constant of Q and V known as capacitance. 
Coulomb’s per volts or Farads is the units of capacitance. The surface charge density 
on the electrode can be expressed as    and the charge Q can be written as Equation 
(2.3). F is the electric field strength (V/d) and d is the distance between the two 
electrodes and A is surface area of the individual electrode.  
   (  )         (2.3)  
To understand clearer in term of capacitance (C), Equation (2.3) can be 
expressed such as Equation (2.4) where   is the permittivity of dielectric medium 
between the two electrodes and have a unit (Farad/meter). 
  
 
 
 
   
  
  
 
 
     (2.4) 
Because of the permittivity of medium between the two electrodes as shown 
in Figure 2.6(a) can affect capacitance value, the vacuum medium is taken as a 
standard. The permittivity ε become ε0 and called the permittivity of a vacuum. The 
permittivity of vacuum is a universal constant having the value of 8.85 10-12 F/m. If 
the dielectric material is inserted into the medium within the electrodes as shown in 
Figure 2.6(b), then   is the permittivity of the dielectric material. The relative 
permittivity r  with no unit as shown in Equation (2.5) is usually known as the 
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dielectric constant for the dielectric material and the value is equal to the ratio of two 
permittivity, 1) permittivity of vacuum and 2) permittivity dielectric material). 
0

 r                                        (2.5) 
In order to identify dielectric constant of the dielectric materials, Equation 
(2.4) can be merged with Equation (2.5) to become Equation (2.6). 
   
  
   
    (2.6) 
The capacitance (C) value can be measured by using LCR meter, Impedance 
Spectroscopy or Autolab Potentiostat. If the dielectric constant of dielectric material 
is already known, the capacitance can be predicted as shown in Equation (2.7). In 
miniaturization process, the plate area, A is decreased and this will lower the 
capacitance (Callister and Rethwisch, 2007). To overcome the reduction, dielectric 
constant    should be increased by replacing with high dielectric constant ceramic. 
  
     
 
    (2.7) 
The distance between two electrodes, d can be reduced to increase the 
capacitance amount. But the decrease of the d is also increasing the electron 
tunnelling between the electrodes especially when the d achieves a critical distance.   
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2.5 High Dielectric Constant Ceramic 
High dielectric constant ceramic is electroceramic with high dielectric 
constants. According to Kao (2004), the Electronic Industries Association (EIA) in 
the United States has specified capacitor from ceramic based into three classes.  
Class I is a low dielectric constant materials (15 to 500), also low dielectric 
losses (tan δ < 0.003), a low temperature co-fired ceramic (LTCC), and a low aging 
rate of the capacitance value. The working temperature range is -55 to +85°C (Kao, 
2004). 
Class II is a medium to large dielectric constant (500 to 20,000) with 
general properties similar to BaTiO3 ceramics. The dependence of temperature, 
electric field, and frequency is stronger than Class 1, and the temperature co-fired 
ceramic (TCC) value is higher (Kao, 2004).   
Class III is the materials possessing conductive phase at the surface of the 
electrode and this reduces the effective thickness of the dielectric material. The 
properties are similar to class II but the dielectric breakdown is lower. If the 
thickness is lower than the critical size, the materials loss dielectric behaviour and 
electrical tunnelling is higher (Kao, 2004). 
Ferroelectric ceramic usually have very high dielectric constant larger than 
1000 and very sensitive to temperature, electric field and frequency. Processing 
parameters also can affect the electrical properties such as synthesis technique, 
particle size of raw materials, calcination and sintering temperature (Callister and 
Rethwisch, 2007; Kao, 2004).  
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Crystalline materials are always grouped according to their crystal structure 
and the basic arrangement of the atoms will give some basic properties of the 
materials. One of the essential structures in dielectric material is perovskite structure. 
This unique structure was initially found in Ural mountain of Russia by Gustav Rose 
in 1839 and a Russian mineralogist, Perovki was named to the new structure. The 
compound possessed a structure of ABX3. A and B are two difference size of cations 
and X is an anion tied both of the cation together and usually is oxygen or O. ABX3 
structure also shown as ABO3.  The A sited atoms is usually larger than B sites 
atoms. The perovskite structure was implemented on many others. Figure 2.7 shows 
the basic location of ABX3 atoms in perovskite crystal structure. 
Many useful properties of perovskite dielectric material were utilized for 
into applications. Most of them possess the properties of ferroelectric, piezoelectric, 
pyroelectric and superconductor (Ye, 2008). Ferroelectric group are usually having 
very high dielectric constant because of the existence of orientation polarization 
interior of ceramics grain. Electroceramic materials which have shown the structure 
of perovskite are like BaTiO2, MgSiO3, MgTiO3, PbTiO3, and CaTiO3 family like 
CCTO. 
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Figure 2.7: Simple cubic structure of perovskite (Howard & Kennedy, 1999) 
In the past 50 year, high dielectric constant ceramics such as BaTiO2 and 
BaSrTiO2 are the promising material for electronic application and this was proved 
when many devices used these materials nowadays. But for further miniaturization 
process, higher dielectric constant ceramic should be used and this caused on-going 
research in this field. 
In year 2000, a giant dielectric materials known as CaCu3Ti4O12 was found 
to possess very high dielectric constant and proposed as promising material for 
further miniaturizing electronic devices (Subramanian et al., 2000). 
2.6 Calcium Copper Titanate (CaCu3Ti4O12) 
Because of unusual dielectric property CCTO received great interest from 
many researchers (Adams et al., 2002; Homes et al., 2001; Subramanian et al., 2000). 
CCTO has giant dielectric constant (10
5
) and constant at temperature region from 
100 to 400 K from low to medium frequency of alternating current (AC) (1 Hz – 1 
MHz) (Chakravarty et al., 2007; Ramirez et al., 2000). 
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CCTO was synthesis by Bochu et al., (1979) and the crystal structure was 
determined by neutron powder diffraction. Subramanian et al., (2000), Homes et al., 
(2001) and He et al., (2002) have refined the structure model and unit cell of CCTO. 
CCTO is perovskite-related body centred cubic (BBC) with the combination of Ca
2+
 
cation in the A site and Cu
2+
 cation in the B site while O3 bonded them together in 
ABO3 structure (Figure 2.7). Figure 2.8 describes a unit of CCTO cell with four tilted 
TiO6 proveskite-type. According to Homes et al., (2001), the unit cell is based on a 
cubical shape with A-cation in the centre of the cube, the B-cation in the corner and 
the anion in the each edge of tilted TiO6 octahedral. The 6 coordination of the B-
cation and 12 A-cation stabilized the structure of CCTO.  
CCTO unit cell is grouped to Im3 space group with a lattice parameter of 
7.391 Å. Subramanian et al., (2000) have reported there is no structure change down 
to 35 K of temperature and the structure is still intact. CCTO shows 
antiferromagnetic properties at temperature of 25 K which can be explained by the 
pair of Cu-Cu neighbour has antiparallel spins in the double primitive cells (Mozzati 
et al., 2003). Antiferromagnetic materials are still magnetic from a behavioural point 
of view, but they do not produce an external magnetic effect, because the magnetic 
moments tend to cancel each other.  
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Figure 2.8: Structure of CaCu3Ti4O12 showing tilted oxygen octahedral. White, light, 
dark, and black atoms are O, Ca, Cu, and Ti respectively. Dashed lines indicate 40-
atom primitive cell of antiferromagnetic spin structure (He et al., 2002). 
2.7 Electrode Materials and Surface Layer Effects 
Connection of electroceramic to the electrical circuit as a device is very 
important and this is taken placed by electrodes. Suitable material should be used to 
produce the best output and usually high conductive metal like gold, silver, 
aluminium and platinum are the best candidates(Lunkenheimer et al., 2002; Wang 
and Zhang, 2006). The contact should be studied because several types of contact are 
possible when the voltage is applied and this depends on the both electrode material 
and bulk ceramics.  
In the case of CCTO, the electrical properties was reported to be sensitive to 
the contact between the electrode and the CCTO bulk ceramic (B. Shri Prakash and 
Varma, 2007; Putjuso et al., 2011; Wang and Zhang, 2006; Yang et al., 2005). Wang 
and Zhang, (2006) reported the contact effect to the CCTO electrical properties was 
reduced after the samples was polished to remove oxygen vacancies rich site at the 
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outer surface. They used Ag as electrode material. Yang et al., (2005) tested several 
materials (Pt, Ag, and Al) as electrodes and found that the dielectric constant is 
slightly changes with the different contacts in the testing region of 100 Hz and 
1MHz. After the heat treatment of the electrode in inert gas (N2), the changes with 
the different contact are become significant.  
Grains of CCTO ceramic were proved as n-type semiconductor by using 
impedance spectroscopy and x-ray photoelectric spectroscopy (XPS) (Mei et al., 
2008; Sinclair et al., 2002) and the contact with metal electrode can create either 
ohmic or Schottky effect. Schottky effect can cause a barrier with depleting region 
on CCTO bulk surface (Yang et al., 2005). This is due to the different work function 
between the electrodes and the semiconductor. Deng et al., (2009) reported the band 
gap of CCTO is at least 2.5 eV and measurement from XPS identified that oxygen 
concentration, accompanied by an oxidation of copper from valence +1 to +2, and an 
oxidation of Ti
3+
 defects to regular Ti
4+
. The comparison between the electrical 
properties and chemical states of CCTO strongly suggested that semiconductivity if 
CCTO is related to the formation of negative point defects Cu
+
 and Ti3
+
 in the 
combination with oxygen vacancies. 
According to Kao (2004), the ohmic contact between a metal and a 
semiconductor is a negligibly small impedance compared to the series impedance of 
the bulk of the semiconductor which relatively large and more significant to 
consider. This is due to the free carrier density at and in the vicinity of the contact 
being much greater than that in the bulk of the semiconductor and the contact may 
act as an accumulation extended from the interface to the inside of the 
semiconductor.  
